
Progeroid syndrome patients
with ZMPSTE24 deficiency could
benefit when treated with rapamycin
and dimethylsulfoxide
Baris Akinci,1 Shireesha Sankella,1 Christopher Gilpin,2 Keiichi Ozono,3

Abhimanyu Garg,1 and Anil K. Agarwal1

1Division of Nutrition and Metabolic Diseases, Center for Human Nutrition, Department of Internal Medicine,
University of Texas SouthwesternMedical Center, Dallas, Texas 75390, USA; 2Molecular and Cellular Imaging,
Department of Cell Biology, University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA;
3Department of Pediatrics, Osaka University Graduate School of Medicine, Osaka 565-0871, Japan

Abstract Patients with progeroid syndromes such as mandibuloacral dysplasia, type B
(MADB) and restrictive dermopathy (RD) harbor mutations in zinc metalloproteinase
(ZMPSTE24), an enzyme essential for posttranslational proteolysis of prelamin A
to form mature lamin A. Dermal fibroblasts from these patients show increased
nuclear dysmorphology and reduced proliferation; however, the efficacy of various
pharmacological agents in reversing these cellular phenotypes remains unknown. In this
study, fibroblasts from MADB patients exhibited marked nuclear abnormalities and
reduced proliferation that improved upon treatment with rapamycin and dimethylsulfoxide
but not with other agents, including farnesyl transferase inhibitors. Surprisingly, fibroblasts
from an RD patient with a homozygous null mutation in ZMPSTE24, resulting in exclusive
accumulation of prelamin A with no lamin A on immunoblotting of cellular lysate,
exhibited few nuclear abnormalities and near-normal cellular proliferation. An unbiased
proteomic analysis of the cellular lysate from RD fibroblasts revealed a lack of processing
of vimentin, a cytoskeletal protein. Interestingly, the assembly of the vimentin microfibrils
in MADB fibroblasts improved with rapamycin and dimethylsulfoxide. We conclude that
rapamycin and dimethylsulfoxide are beneficial for improving nuclear morphology and cell
proliferation of MADB fibroblasts. Data from a single RD patient’s fibroblasts also suggest
that prelamin A accumulation by itself might not be detrimental and requires additional
alterations at the cellular level to manifest the phenotype.

[Supplemental material is available for this article.]

INTRODUCTION

Loss-of-function mutations in lamin A/C (LMNA) and zinc metalloproteinase (ZMPSTE24)
genes are found in various progeroid disorders including the autosomal dominant
Hutchinson–Gilford progeria syndrome (Merideth et al. 2008) (HGPS, OMIM 176670), the
autosomal recessive mandibuloacral dysplasia (Young et al. 1971; Novelli et al. 2002)
(MAD, OMIM 248370 and 608612), and restrictive dermopathy (Dale et al. 1987;
Holbrook et al. 1987; Navarro et al. 2004) (RD, OMIM 275210). LMNA encodes the nuclear
lamina protein lamin A, and by alternate splicing in exon 10 encodes lamin C. Lamin A is
formed after posttranslational processing of prelamin A, but lamin C does not undergo
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further processing. ZMPSTE24 encodes a microsomal protease that cleaves the prenylated
prelamin A containing the CAAX (Cysteine–Aliphatic–Aliphatic–Any amino acid) motif at its
carboxyl end (Agarwal et al. 2003; Michaelis and Barrowman 2012). The cysteine residue in
the cysteine, serine, isoleucine, and methionine (CSIM) motif of prelamin A undergoes far-
nesylation by the farnesyl transferase enzyme followed by removal of SIM tripeptide by
ZMPSTE24. This partially processed farnesylated prelamin A is methylated and then further
cleaved 15 residues upstream by ZMPSTE24 to produce a mature lamin A.

Patients with RD harbor null mutations in ZMPSTE24 on both alleles, have the most
severe phenotype, and die within a few hours to a few weeks of birth. Patients with HGPS
have a median survival of 12–14 yr and a de novo heterozygous missense LMNA mutation
that induces an abnormal donor splice site in exon 11, resulting in accumulation of truncated
farnesylated prelamin A, called progerin, because of deletion of the second proteolytic site
for ZMPSTE24. Patients with MAD have a variable survival rate depending upon the severity.
Patients with MAD, type A (MADA) with LMNA mutations have a milder phenotype as com-
pared to those with type B (MADB) harboring ZMPSTE24 mutations. In contrast to patients
with RD, most patients with MADB are compound heterozygotes with a null mutation on one
allele and a missense mutation resulting in a partially active ZMPSTE24 mutant on the other
allele. Therefore, the severity of the disease phenotype might result from the residual
ZMPSTE24 enzymatic activity. In fact, recent in vitro protease activities of several
ZMPSTE24 mutants corroborate this observation (Barrowman et al. 2012b). Those mutants
with no measurable protease activity are associated with RD and those that are partially
active result in MAD (Barrowman et al. 2012b). Several new mutations in ZMPSTE24 have
recently been reported in MADB or RD (Navarro et al. 2014; Wang et al. 2016). A heterozy-
gous ZMPSTE24 mutation is also shown to be associated with severe metabolic syndrome,
abnormal fat accumulation, and dilated cardiomyopathy (Galant et al. 2016).

Primary dermal fibroblasts from most patients with these progeroid disorders exhibit
characteristic nuclear blebbing and a reduced cellular proliferation. The precisemechanisms
by which mutations in LMNA or ZMPSTE24 cause this nuclear dysmorphology remain un-
clear. Several pharmacological agents, such as farnesyl transferase inhibitors, statins, bis-
phosphonates, and rapamycin have been reported to rescue the nuclear abnormalities
seen in the fibroblasts fromHGPS patients; these observations were the basis for clinical trials
in HGPS patients. However, whether a similar approach will work in patients with MADB or
RD who have partial or complete ZMPSTE24 deficiency, resulting in accumulation of farne-
sylated prelamin A, is not clear. Therefore, we investigated the efficacy of various pharmaco-
logical agents in improving the abnormal nuclear phenotype in skin fibroblasts from four
patients with MADB and one patient with RD. Additionally, we used these fibroblasts in
an unbiased proteomic approach seeking additional substrate(s) for ZMPSTE24, whichmight
provide clues to the severity of the phenotype seen in patients with RD.

RESULTS

Clinical Presentation and Family History
The clinical features of the patients used in this study have been described elsewhere and
are presented in Supplemental Table S1. Affected subjects from pedigree MAD3300 of
Japanese origin (Miyoshi et al. 2008) and MAD4700 of European origin (Ahmad et al.
2010) had compound heterozygous mutations in ZMPSTE24 in which one allele carried a
null mutation and the other allele carried a missense mutation. The affected RD patient of
Mexican origin had a homozygous null mutation in ZMPSTE24 (Ahmad et al. 2012). The
RD patient died a few days after birth, whereas all the MADB patients are alive.
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Functional Analyses
Differences in Senescence in RD and MADB Patient Dermal Fibroblasts

The cellular proliferation of the cultured fibroblasts from all the subjects of pedigree
MAD4700, patients frompedigreeMAD3300 (MAD3300.3 and3300.5), and theRD500.3pa-
tient were tested by incorporation of BrdU in the proliferating cells at various passages of cell
growth. Fibroblasts from unaffected controls and those of unaffected parents (MAD4700.1
andMAD4700.2) showed a similar senescence profile (Fig. 1) with reducedproliferation start-
ingaroundpassages17–19.However, fibroblasts fromaffectedsubjectsMAD4700.3, 4700.4,
3300.3, and 3300.5 had significantly reduced incorporation of BrdU even at early passages
(passages 6–9) and stopped proliferating by passages 13–16. Despite the fact that affected
fibroblasts from RD500.3 had only prelamin A, these fibroblasts showed no sign of reduced
proliferation at passage 30, but they started to slow down around passage 38. Prior studies
have noticed abnormal nuclear morphology in fibroblasts obtained from patients with RD
(Navarro et al. 2004, 2005). However, these studies did not quantify the cellular proliferation.

Detection of Prelamin A, Lamin A, and Lamin C in Fibroblasts fromMAD and RD Patients
Loss of functional ZMPSTE24 will result in defective processing of prelamin A. Displayed in
Figure 2A are the immunoblots for prelamin A and lamins A/C. We probed the protein blots
with antibody that recognizes the amino terminus of the lamin A/C proteins. Compared to
the unaffected controls and unaffected parents of MADB patients where we could detect
both lamins A and C, the affected children MAD4700.3 and MAD4700.4 showed the pres-
ence of prelamin A as well as lamins A and C. Prelamin Awas also detected in the fibroblasts
of affected child MAD3300.3. Although we detected the presence of both prelamin A and
lamin A inMADBpatients, the RD500.3 patient showed only the presence of prelamin A (Fig.
2A) with no detectable level of lamin A (Fig. 2A). The presence of prelamin Awas detectable
in fibroblasts from RD500.3 even at late passage 32 (Supplemental Fig. S1A). We did not
observe any significant changes in the expression of lamin C in these patients. Upon quan-
tification of prelamin A compared to lamin C, the ratios of unaffected/related controls were
similar, whereas affected subjects have significantly increased expressions of prelamin A

Figure 1. Cellular proliferationmeasurement of fibroblasts frompatients withmandibuloacral dysplasia (MAD)
and restrictive dermopathy (RD). Fibroblasts were passaged continually, and at the cell passages some cells
were assayed for the incorporation of bromodeoxyuridine (BrdU) in the proliferating cells. The proliferation
was observed in the unaffected control and in the unaffected parents (4700.1 and 4700.2) of MAD pedigree,
whereas affected subjects (4700.3, 4700.4, 3300.3, and 3300.5) showed reduced incorporation of BrdU with
increasing passages. The fibroblasts from the patient with RD (500.3) appeared to have a similar proliferation
rate as the control fibroblasts used in this study.
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(Fig. 2B). However, this ratio was the highest for RD500.3. The presence of increased pre-
lamin A also disturbs the ratio of lamin A to lamin C (Fig. 2C). We also tested the effect of
dimethyl sulfoxide (DMSO) (1%) or rapamycin (1 µM) on the expression of prelamin A in
MADB4700.3 cells by performing an immunoblot analysis. We observed no change in pre-
lamin A or lamin A/C levels in the presence of DMSO or rapamycin in the controls
(Supplemental Fig. S1B). In MADB4700.3, we observed that lamin A/C levels were increased
in the presence of rapamycin but remained unchanged when treated with DMSO. Prelamin
A remained unchanged in the presence of DMSO or rapamycin (Supplemental Fig. S1B).

Treatment with DMSO and Rapamycin Improves Abnormal Nuclear Morphology
in Fibroblasts from Patients

Several reports have shown that accumulation of progerin in the fibroblasts from HGPS pa-
tients leads to abnormal nuclear morphology, which could be rescued by treatment with

Figure 2. Immunoblot analysis of prelamin A andmature lamin A and C in the fibroblasts frommandibuloacral
dysplasia, type B (MADB) and restrictive dermopathy (RD) patients. (A) The presence of prelamin A in the fi-
broblasts from the affected patients MAD4700.3 and 4700.4 at earlier passages 11–13 and MAD3300.3.
Note in RD500.3 only prelamin A could be detected. Shown also are the immunoblots for the ZMPSTE24 pro-
tein. (B,C) The quantification of lamins in these samples as estimated by Image J. The ratio of prelamin A to
lamin C remains similar in unaffected controls and in parents of affected patients, MAD4700.1 and 4700.2.
This ratio tends to increase in affected patients and is several-fold higher in RD500.3 (B). The ratio of lamin
A/lamin C is also altered in affected subjects. Comparison for the ratio between lamin A and lamin C between
these groups was also statistically significant (C ). Symbols represent individual quantifications of blots present-
ed in B and C; n = 6; P < 0.001; (AU) arbitrary units.
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farnesyltransferase, CAAXbox, alpha (FNTA, also known as FTase) inhibitor (Fong et al. 2006;
Yang et al. 2008), protein geranylgeranyltransferase type 1 subunit beta (PGGT1B, also
known as GGTase) inhibitor (Chang et al. 2012), statins, zoledronic acid (Varela et al. 2008),
N-acetylcysteine (NAC) (Richards et al. 2011), suberoylanilide hydroxamic acid (SAHA)
(Marks and Breslow 2007), insulin-like growth factor 1 (IGF1) (Sadeghi-Nejad and Demmer
2007;Marino et al. 2010), or rapamycin (Caoet al. 2011; Ramos et al. 2012). However, treating
theMADBandRD fibroblastswith these agents did not improve the nuclearmorphology (Fig.
3), except upon treatment with rapamycin prepared in DMSO (Fig. 4A), wherewe observed a
significant improvement in the nuclear blebbing or nuclear envelope invagination. More in-
triguing was our observation that a similar improvement in nuclear morphology was noted
even when cells were treated with DMSO alone. DMSO toxicity was tested in fibroblasts by
incubating with 0.3, 1, 3, or 10%DMSO for 14 d (Supplemental Fig. S2). Cells were examined
every alternateday for cell death,which includes cell rounding anddetachment from thedish.
DMSO was not toxic at 0.3% and 1% but showed progressive toxicity with increased DMSO
concentrations. At 3% we observed ∼30% death at day 14. However, at 10% DMSOmost of
the cells diedwithin 24 h (99%). To further identify whether the nuclearmorphology improve-
ments were due to the DMSO treatment and not rapamycin, we then incubated the cells with
rapamycin dissolved in ethanol. As displayed in Figure 4B, we could see improvement in nu-
clear morphology in fibroblasts treated with rapamycin that was not evident in fibroblasts
treated with ethanol alone. These data, although confirming the previous observations of
the beneficial effect of rapamycin in Hutchinson–Gilford progeria syndrome (HGPS) fibro-
blasts (Cao et al. 2011), also revealed the role of DMSO itself in improving the nuclear mor-
phology of these cells.

Electron Microscopy Images of Fibroblasts Treated with DMSO Showed Improvement
in Nuclear Morphology

We followed the light microscopy observations of the beneficial effects of DMSO by exam-
ining the nucleus of these fibroblasts at a higher resolution. We observed a significant num-
ber of small vesicle-like structures near the nuclear envelope in the fibroblasts from affected
patients MAD4700.3 and MAD4700.4 (Fig. 5) compared to unaffected control fibroblasts.
Upon treatment with DMSO alone, these vesicle-like structures were significantly reduced.
These vesicle-like structures failed to improve upon treatment with the FNTA inhibitor FTI-
277. These observations suggest a beneficial role of DMSO in improving the nuclear mor-
phology or nucleoplasmic–cytoplasmic communication, which is important for proper cellu-
lar growth and function.

Improvement of Nuclear Morphology Is Not Due to the Activation of MTOR Pathway
in MAD4700.3 and RD500.3

Rapamycin inhibits the activation of MTOR, which is a serine/theronine kinase belonging to
the AGC family of kinases (cAMP-dependent, cGMP-dependent, and PKC) (Pearce et al.
2010). There are two MTORs, MTORC1 andMTORC2, depending on the presence of raptor
and rictor components in these complexes, respectively (Zoncu et al. 2011). When the fibro-
blasts from affected patients were cultured in the presence of rapamycin or DMSO, we did
not observe any significant changes in the levels of either total MTOR or MTORC2
(Supplemental Fig. S3). We did not notice any change in the levels of total AKT or phosphor-
ylated AKT (pAKT), which are phosphorylated by MTORC2. Further, no changes in the
MTORC2 phosphorylation level were noted with either treatment. The MTORC1 level was
slightly decreased in DMSO and rapamycin-treated fibroblasts, but one of its downstream
target proteins, ribosomal protein S6 kinase B1 (RPS6KB1, also known as S6K) or its
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Figure 3. Nuclear morphology of dermal fibroblasts from healthy control, mandibuloacral dysplasia, type B
(MADB) patients, MAD4700.3 and MAD4700.4 and restrictive dermopathy patient RD500.3, in response to
various treatments. Shown are the representative nuclear images for each treatment. Approximately 25–50 nu-
clei for each treatment were observed. Details of the treatments are described in Methods.
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Figure 4. Nuclear morphology of dermal fibroblasts from affected mandibuloacral dysplasia (MAD) and re-
strictive dermopathy (RD) patients in response to rapamycin dissolved in dimethyl sulfoxide (DMSO) and
DMSO-alone treatment. (A) The indirect immunofluorescence images of nuclei stained for lamin A and lamin
C proteins with and without DMSO (1%) and rapamycin (1 µM) treatment for 14 d. In contrast to control fibro-
blasts, patients with MAD (4700.3, 4700.4, and 3300.3) show significant instances of abnormal nuclear mor-
phology that improved upon treatment with DMSO and rapamycin. We observed very few fibroblasts with
abnormal nuclear morphology from the patient with RD. (B) Similar improvements in nuclear morphology of
the MAD4700.3 patient were observed when fibroblasts were treated with rapamycin prepared in ethanol.
Again, no changes were noted with RD500.3. Approximately 200 nuclei were observed for each treatment
and an asterisk (∗) denotes statistical significance of P < 0.001 between various groups. (NT) Untreated.
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Figure 5. Electronmicrograph images of nuclei in fibroblasts obtained from patients withmandibuloacral dys-
plasia (MAD) after treatment with dimethyl sulfoxide (DMSO) and a farnesyltransferase inhibitor, FTI-277.
Marked with red triangles are the “vesicle-like structures,” which could represent nuclear invaginations not
seen in the unaffected nuclei. Such “vesicle-like structures” are not seen in fibroblasts treated with DMSO.
FTI-277 treatment failed to inhibit these features in the patients withMAD. Scale bars are shown in the images.
All images were within 0.5–2 µm.
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phosphorylated form (pRPS6KB1), remained unaffected. We included DMSO as a treatment
in this assay although it is not known if DMSO affects the MTOR signaling pathway.

Expression of CDKN2A (p16Ink4a) Protein in MADB 4700.3 Fibroblasts
Cyclin-dependent kinase inhibitor 2A (CDKN2A) promotes cell-cycle arrest and is used as a
marker for senescence (Campisi and d’Adda di Fagagna 2007). Increased expression of
CDKN2A has been shown to contribute to cellular aging (Campisi 2001). A schematic for
the function of CDKN2A is shown in Supplemental Figure S4. CDKN2A is a cyclin-depen-
dent kinase inhibitor that binds to and inactivates cyclin-dependent kinase 4/6 (CDK4/6),
which in turn inhibits hyperphosphorylation of RB transcriptional corepressor 1 (RB1, also
known as retinoblastoma protein [pRB]), which then precludes the dissociation of E2F
transcription factor (E2F) from RB1 and thus arrests cell division and cellular growth. We
examined the expression of CDKN2A in the control and MADB4700.3 fibroblasts
(Supplemental Fig. S4B). Immunoblots for CDKN2A protein expression show a slight in-
crease in the expression of CDKN2A in fibroblasts from MADB4700.3 compared to control
fibroblasts. We did not attempt quantification for this western blot because of limited data
and therefore quantification might not be reliable. We interpret this result with caution
because unavailability of MADB4700.3 fibroblasts precludes us from performing additional
experiments (Supplemental Fig. S4B).

Alterations in Protein Levels in Affected Patient Fibroblasts

ZMPSTE24 is an ortholog of yeast Ste24, which in yeast produces the mating factor—the a-
factor (Michaelis and Barrowman 2012). The processing of the yeast a-factor is very similar to
the processing of prelaminA inmammals, as shown in Figure 6A,B (Michaelis and Barrowman
2012). In fact, the expression of human ZMPSTE24 in yeast lacking Ste24/Rce1 proteins effi-
ciently processes and produces the a-factor (used for the halo assay) (Agarwal et al. 2003).
Recent mutational studies using human prelamin A revealed that the number of residues
from the prenylated cysteine is critical for the processing of prelamin A (Barrowman et al.
2012a). When the residues were increased from 15 to either 24 or 33 amino acids,
ZMPSTE24 progressively failed to cleave prelamin A (Barrowman et al. 2012a). However,
the same ZMPSTE24 can cleave yeast pre-a-factor protein between residues 7 and 8 in the
amino terminus of the protein, which is 26 residues away from the prenylated cysteine resi-
due. ZMPSTE24 lacks the specificity for the peptide bond it cleaves. In prelamin A, the cleav-
age occurs between residues tyrosine646 and leucine647 and, in yeast pre-a-factor, proteolysis
occurs between amino acids threonine7 and alanine8. This lack of amino acid specificity as
well as the distance from the prenylated cysteine, as suggested from the recent experiment,
raises the possibility that additional substrates of ZMPSTE24 inmammals are yet to be discov-
ered. Although no additional substrate for mammalian ZMPSTE24 has been found, its com-
plementary function in producing mature yeast a-factor would suggest otherwise.

We analyzed the total protein from cultured fibroblasts obtained from patients
MAD4700.4,MAD3300.3, andRD500.3. As displayed in Figure 6C,D,when the total proteins
from the affected subjectMAD4700.4 were compared to unaffected controls, several protein
spots were revealed that were found to be either up- or down-regulated (Supplemental Fig.
S5; Supplemental Table S2). As mentioned above, our rationale in identifying the protein
spots was that the protein should change in size (molecular weight,MW) and in the isoelectric
focusing point (pI) because of a change in the ratio of the electrical charge over theMWof the
protein. We initially identified protein spots 32, 33, 37, and 48 and protein spots 61, 75, 80,
and 82. Shown in Figure 6C,D are also the fold changes between various affected groups.
Protein spots 32, 33, 37, and 48 were identified as prelamin A. Prelamin A protein spots
32, 33, and 37 are of similar molecular weight but with a different pI. This could represent
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Figure 6. Schematic of yeast proprotein a-factor, human prelamin A, and total fibroblast proteins analyzed by
two-dimensional-fluorescence difference gel electrophoresis (2D-DIGE). (A) The various amino acids and the
peptide bonds cleaved by yeast CAAX prenyl protease/CAAX prenyl protease 2 (Ste24/Rce1) and putative
protease (Axl1). The generation of mature yeast a-factor is marked. (B) The partial carboxyl-terminal amino ac-
ids for human prelamin A and the proteolytic sites for zinc metalloprotease (ZMPSTE24). The CAAX motif is
marked where C is cysteine, AA denotes any two aliphatic residues, and X is any amino acid. The amino acids
are numbered from the amino terminus. For more details see the review by Michaelis and Barrowman (2012).
(C ) The prelamin A protein spots as identified bymass spectrometry detection. Also shown are the fold chang-
es between various combinations of affected and unaffected subjects as well as within the MAD4700 pedi-
gree. Only protein spot 48 showed a decreased molecular weight (MW) in most samples, which could
represent lamin A or lamin C, and the several-fold increase in protein spots 32, 33, and 37 could represent
prelamin A. These protein spots may represent other posttranslational modifications including lamin
phosphorylation, as discussed in the text. (D) The protein identified as vimentin. Only protein spot 61 showed
increased expression under various group comparisons, but protein spots 75, 80, and 82 also identified as
vimentin were decreased and are of lower MW.
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a small-moleculeposttranslational change. LaminsAandChavebeen shown tobephosphor-
ylated by cyclin-dependent kinase 2 (CDK2) (Heald and McKeon 1990; Peter et al. 1990) or
protein kinase C (PRKC, also known as PKC) (Thompson and Fields 1996; Collas 1999).
Protein spots 61, 75, 80, and 82 were identified as vimentin. Vimentin is a cytoskeleton pro-
tein, and it is possible that prelaminAaccumulationmight also affect this cytoskeletal protein.

Cellular Architecture of Vimentin in MAD4700.3 and RD500.3 Fibroblasts upon Rapamycin
and DMSO Treatment

Although several proteins were identified in our proteomic analyses of ZMPSTE24-deficient
fibroblasts, we first analyzed vimentin in these fibroblasts by immunostaining, because
vimentin is a cytoskeleton protein and lamin A/C (including prelamin A) is a nuclear lamina
protein. It is possible that a cytoplasmic–nuclear interaction might exist and provide addi-
tional cellular links for the progression of the disease. Unlike the lamin A/C staining, fibro-
blasts treated with DMSO alone or with rapamycin showed condensation of the vimentin
fibrils (Fig. 7). This feature was prominent in the case of MAD4700.3. RD500.3 fibroblasts
did not show significant abnormality in vimentin assembly. In MAD4700.3, vimentin fibers
became well organized upon treatment with DMSO or rapamycin prepared in DMSO.
However, the effect of pharmacological agents DMSO and rapamycin could not be appre-
ciated in the RD500.3 fibroblasts.

Expression of Vimentin in the Patients’ Fibroblasts

Next, we analyzed the presence of vimentin protein by western blot analysis. As shown in
Figure 8A, we observed the presence of a faster migrating protein fragment on SDS-
PAGE (VIM II) compared to the slower migrating protein band VIM I. However, in fibroblasts
from RD500.3 that show the presence of only prelamin A, no VIM II protein band was ob-
served. The control or unaffected parentsMAD4700.1 andMAD4700.2 hadmore VIM II pro-
tein than the affected MAD4700.3, MAD4700.4, and MAD3300.3 patients. When serial
dilutions of total cellular lysates were analyzed from unaffected patients and RD500.3
(Fig. 8B), the presence of VIM II was quantitatively less in RD500.3 compared to control cel-
lular lysate (Fig. 8C,D). This observation suggests that ZMPSTE24 mostly likely cleaves the
vimentin protein in fibroblasts (Fig. 8E), which merits further confirmation.

Cleavage of Vimentin in HeLa and RD500.3 Cells Is Not Dependent on ZMPSTE24

We followed these observations by further expressing human vimentin tagged with Flag and
V5 epitopes in HeLa cells where ZMPSTE24 is functional and in RD500.3 fibroblasts where
ZMPSTE24 is genetically inactive (Fig. 8F). The expression of double-tagged vimentin
should reveal the cleavage site when probed with amino terminus Flag or carboxyl terminus
V5 epitope antibodies, respectively. However, such experiments did detect the fast migrat-
ing VIM II in both RD500.3 and HeLa cells (Fig. 8G,H). This observation failed to support the
role of ZMPSTE24 in processing vimentin, suggesting that additional protease(s) might be
responsible for proteolytic cleavage of vimentin.

DISCUSSION

We made several important observations in this study. We noticed that when the dermal fi-
broblasts from patients with MADB were treated with rapamycin dissolved in DMSO or eth-
anol, the nuclear morphology improved significantly. However, we also noted similar
improvements in the nuclear morphology in the fibroblasts of MADB patients when treated
with DMSO alone. The effect of DMSO was confirmed upon examining the cells with
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electron microscopy. Because DMSO is an antibacterial/antioxidant (Marks and Breslow
2007), we incubated cells with other antioxidants like SAHA and NAC but did not find any
improvement in nuclear morphology as noted with DMSO. Thus, the effect of DMSO seems
to be specific to the cells used in our study or it is specific to MADB patients.

Recently, the role of DMSO in improving the directed differentiation of pluripotent stem
cells was reported (Chetty et al. 2013). In these pluripotent stem cells, DMSO increased the
proportion of cells in the G1 phase of the cell cycle, which is mediated by the increased pres-
ence of hypophosphorylated RB1 (Chetty et al. 2013). DMSO also has antioxidative proper-
ties (Ali 2001), removing the harmful reactive oxygen species from the damaged tissues and
cells. Two recent reports further suggest a role of antioxidants that might alleviate the aging
phenotype in this syndrome (Hanzen et al. 2016; Kubben et al. 2016). Therefore, a further
detailed investigation will be required to determine the molecular mechanism as to how
DMSO improves the cellular morphology in our MADB patients. DMSO has been shown

Figure 7. Indirect immunofluorescence images of fibroblasts treated with dimethyl sulfoxide (DMSO) or rapa-
mycin and stained for vimentin. The fibroblasts from MAD4700.3 had irregular vimentin cytoskeletal architec-
ture compared to the unaffected control subject. This abnormal vimentin cytoskeletal architecture improved
dramatically and significantly upon DMSO and rapamycin treatments. Similar observations were made in re-
strictive dermopathy RD500.3 fibroblasts. Red false coloring represents vimentin, and blue represents DAPI
(4′,6-diamidino-2-phenylindole, dihydrochloride). All images were obtained under similar microscopic condi-
tions; scale bar, 10 µm; (∗) P < 0.001, (∗∗) P = 0.001, (∗∗∗) P = 0.009. (NT) Untreated.
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Figure 8. Immunoblot analysis of endogenous vimentin in the fibroblasts from MAD4700 pedigree, affected
patients fromMAD3300.3 and RD500.3, and exogenous expression of Flag-hVimentin-V5 taggedmammalian
construct in HeLa cells and in RD500.3 fibroblasts. (A) Total cell lysate resolved on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and probed with vimentin antibody showed vimentin (VIM
I) and an additional faster migrating band, VIM II. VIM II was not detected in MAD4700.4 and RD500.3. (B)
Upon protein titration fromRD500.3, the level of VIM II was consistently less than that of the unaffected control.
(C,D) Quantification of VIM I and VIM II. The ratio changes in RD500.3 in favor of more VIM II. Only represen-
tative blots are shown. Symbols represent individual quantifications of blots presented inA and B. The loading
control protein GAPDHwas determined for each blot. The ratios for VIM I/VIM II between various groups are all
statistically significant. P < 0.01; (AU) arbitrary units. (E) Amino acid sequence of human vimentin. The sequenc-
es highlighted in yellow were consistently detected on mass spectroscopy analysis. The boxed sequence was
not detected in three out of four protein spots, whereas that in green was detected only once, suggesting pro-
teolytic cleavage in this region of the vimentin. (F ) Schematic of vimentin construct showing the Flag and V5
epitopes in the amino and carboxy terminus of the protein, respectively. (G) Immunoblot of tagged vimentin
expressed in HeLa cells that correctly process the prelamin A. Probing with V5 antibody detects a faster migrat-
ing band similar to RD500.3 fibroblasts probed with vimentin antibody (A,B), indicating the amino terminus
cleavage of the vimentin protein. However, when the same protein blot is stripped and reprobed with Flag
antibody, only one protein band was detected; the expected smaller protein band was not detected. (H) A
similar observation was made when the tagged vimentin was expressed in RD500.3 fibroblasts, which carry
the nonfunctional ZMPSTE24 enzyme.
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to be relatively safe for human use; however, the toxicity depends on the dosage used and
the route of administration (Ali 2001; Ali and Mousa 2001; Jacob and de la Torre 2009;
Budinich et al. 2013).

Rapamycin binds and modulates the kinase activities of MTOR. MTOR forms two com-
plexes, MTORC1 and MTORC2. These complexes contain several proteins, among which
raptor and rictor are recruited specifically to MTORC1 and MTORC2, respectively. It has
been demonstrated that inhibition of MTOR decreases epithelial stem cell depletion and
therefore the beneficial effect of rapamycin seen in animal models of progeria may relate
to this effect (Burtner and Kennedy 2010). However, immunoblot analysis of cellular lysate
fromMADB patients treated with rapamycin did not reveal any changes in the phosphoryla-
tion of these proteins. Inactivation of the MTOR pathway could be an effect of cell culture
conditions or, alternatively, it could be due to the specific location from which the dermal
cells are obtained. Although we do see improvement in nuclear morphology upon rapamy-
cin treatment, we were unable to see any significant changes in the effector(s) of rapamycin
molecules as discussed above. It is also likely that fibroblasts are not the cells of choice for
understanding the mechanisms by which rapamycin improves nuclear morphological
abnormalities.

There are many cellular mechanisms that lead to cellular senescence, some driven by ac-
tivation of CDKN2A-RB1, TP53-CDKN1A (cyclin-dependent kinase inhibitor 1A, also known
as cyclin-dependent kinase interacting protein 1 [pCIP1]), nuclear DNA damage, or simply
alteration in chromatin organization (Adams 2009; Kuilman et al. 2010). In this study, we
found no effect of DMSO and rapamycin on the expression of CDKN2A. However, as men-
tioned above, this will require additional experiments to explore the synergistic effects of the
two compounds tested here, although the two compounds seem to have different molecular
mechanisms.

The next observation wemadewas the proliferative potential of the RD fibroblasts, which
was similar to that of unaffected controls, as judged by the incorporation of BrdU in the DNA
of proliferating cells. Because we could detect only prelamin A, even at late passages, it is
intriguing to observe the role of prelamin A in cellular growth. In this study, we did not deter-
mine whether the prelamin A is farnesylated or unfarnesylated. This observation is similar to
our previous report where we constitutively expressed prelamin A in HEK293 cells and found
that it localized to the nuclear rim and did not alter nuclear morphology (Pan et al. 2007).
Although the role of SUN (Sad1/UNC84) domain-containing proteins is not studied directly,
it was reported that homologous gene deletion for SUN1 in Lmna−/− (Chen et al. 2012) and
LmnaΔ9 (Chi et al. 2012) mice resulted in increased longevity. SUN domain-containing pro-
teins are found in the inner nuclear membrane of somatic cells and interact with the carboxy-
terminal KASH domain of Nesprin proteins, which forms the link between the nucleoskeleton
and cytoskeleton complex. Thus, it is still unclear what is the purpose of prelamin A process-
ing in mammalian cells despite intensive studies using various mice and their crosses harbor-
ing various Lmna mutations (Davies et al. 2011). Further studies are required to understand
the increased proliferation of the fibroblasts from this RD patient expressing prelamin A
alone.

On 2D-DIGE, the identified proteins were mostly related to the cytoskeleton family of
proteins. This was expected because fibroblasts are not highly metabolically active cells.
We chose to further study whether vimentin is processed by ZMPSTE24 when expressed
in heterologous cultured cells. When the double-tagged vimentin was expressed in HeLa
cells, which process prelamin A to produce mature lamin A, we did observe a faster migrat-
ing band on western blots that corresponds to the predicted protein size found on the mass
spectroscopy analysis of the protein spots, but we were unable to chase the smaller pro-
tein fragment. Similar effects were also seen when vimentin was expressed in the RD
fibroblasts, but the processing of vimentin was very poor. A previous study observed the
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cleavage of vimentin in cultured cells (Ben-Ze’ev et al. 1986) and reported that it was
cleaved by caspases-3 and -7 at Asp85 and caspase-6 at Asp259 (Byun et al. 2001).
Caspases are key molecules for apoptosis machinery, but apoptosis was not studied.
Vimentin is overexpressed in several epithelial cancers (Satelli and Li 2011) and hepatocel-
lular carcinoma (HCC), and when inhibited via small RNA interference, suppresses the inva-
sive and migratory propensity of the tumors (Pan et al. 2012). Although vimentin has been
identified as a target of ZMPSTE24 in adipose tissue obtained from Zmpste24−/− mice
(Peinado et al. 2011) and from the skin fibroblasts from patients carrying the LMNA muta-
tions (Magagnotti et al. 2012), it is unclear how it is cleaved. Our data fail to confirm that
vimentin is a target for ZMPSTE24 endoprotease. Proteolytic cleavage of vimentin could
be due to some other protease(s). A recent report now shows that Ste24, a yeast homolog
of ZMPSTE24, could cleave both prenylated and nonprenylated substrates, further indicat-
ing a much broader substrate profile for Ste24 and possibly ZMPSTE24. From this perspec-
tive, our unbiased proteomic study provides additional protein substrates for further studies
(Hildebrandt et al. 2016)

Patients with accelerated aging, like the ones studied here, are heterogeneous genet-
ically and phenotypically. Our data further support this argument. Those with mutations in
LMNA may benefit from one therapy and those with ZMPSTE24 mutations could respond
to another drug. This is because we still do not completely understand the biological role
of each of these proteins. A recent clinical trial in children with HGPS treated with FNTA
inhibitor, lonafarnib, showed improved vascular stiffness, bone structure, and audiological
status (Gordon et al. 2012). This idea has been further elaborated recently by Gordon
et al. (2016). Our data with DMSO treatment of fibroblasts from patients carrying the
ZMPSTE24 mutations suggest a different therapeutic avenue for these patients. Thus, it
is likely that various progeroid syndromes (i.e., MADA, MADB, HGPS, and RD) may re-
spond to targeted therapies specifically tailored toward mutant proteins, with their toxic-
ities and patients in mind. This will also be a challenge for those providing personalized
medicine.

Conclusions
Progeroid syndromes, rare disorders, have not attracted widespread clinical interest in
developing newer drugs for therapeutic treatment of these patients. In this study, we
made two significant observations. First, treatment of fibroblasts from subjects carrying
the ZMPSTE24 mutations with DMSO suggests a novel therapeutic avenue for these pa-
tients. Second, our proteomic analyses of fibroblasts from these patients indicate that
there are additional substrates for ZMPSTE24, which could evolve into new therapeutic
targets.

METHODS

Cell Culture
Human fibroblasts and HeLa cells were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with antibiotic–antimycotic and 10% fetal bovine serum. Cell cul-
tures were maintained in a humidified incubator at 37°C in 5% CO2.

Preparation of Cell Lysates
Cell lysates were prepared in RIPA buffer containing protease inhibitor cocktail and sonicat-
ed using Sonics Vibracell. The lysate was precleared by centrifugation for 20 min at 16,000g
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and stored at −20°C for further use. Protein was assayed using Bio-Rad DC protein assay ac-
cording to the manufacturer’s protocol (Bio-Rad).

Western Blotting
Protein (10–35 µg) was separated either on 7.5% or 10% Tris–HCl premade gels (Bio-Rad)
and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore) using a semidry
transfer protocol (Bio-Rad). The protein blots were blocked overnight in TBS-T (Tris-Buffered
Saline plus 0.2% of Tween-20) containing 10% nonfat dry milk. Primary antibodies were pre-
pared in TBS-T containing either 1% fat-free dry milk or 5% bovine serum albumin (BSA).
Lamin A/C (1:5000, sc-20681), vimentin (1:5000, sc-6260), CDKN2A (1:1000, sc-1661), total
AKT (1:1000, sc-8312), pAKT (1:1000, sc-7985-R) antibodies were from Santa Cruz
Biotechnology. Flag-tag (1:5000, 2044S), total MTOR (1:1000, 2972S), MTORC1 (1:1000,
2971S), MTORC2 (1:1000, 2974S), total RPS6KB1 (p70, 1:1000, 9202S), and pRPS6KB1 (P-
p70, 1:1000, 9205S) were from Cell Signaling Technology. Other antibodies included V5-
tag (1:5000, 46-0705, Invitrogen), GAPDH (1:5000, AM4300, Ambion), and ZMPSTE24
(1:250, Abgent, www.abgent.com). Lamin A/C, vimentin, total AKT, pAKT, GAPDH, Flag,
V5, and CDKN2A antibodies were incubated for 1 h at room temperature (RT), whereas all
other antibodies were incubated overnight at 4°C. The secondary antibodies were used
at a dilution of 1:5000 at RT for 1 h (secondary antibodies: goat anti-rabbit IgG-HRP, donkey
anti-goat IgG-HRP, and donkey anti-mouse IgG-HRP were from Santa Cruz Biotechnology).
The blots were developed using chemiluminescent reagents (Immobilon Western
Chemiluminescent HRP Substrate, Millipore) and exposed to X-ray films. To quantify
the bands obtained via western blot analysis, an ImageJ software-based analysis was applied
(http://rsb.info.nih.gov/ij/). The blots were scanned and the area under the curve (AUC) of
the specific protein signal was corrected for the corresponding AUC for the loading
control (GAPDH). Other conditions were also calculated correspondingly to allow ratio
comparisons.

Immunofluorescence Staining
Immunofluorescence staining and microscopy have been described in Agarwal et al. (2008).
Briefly, cells were seeded on sterile glass coverslips in a six-well plate. Cells werewashedwith
PBS, fixed with cold methanol for 20 min, and permeabilized with 0.1% Triton X-100. Cells
were blocked with blocking solution (5% FBS plus 0.3% fatty acid-free BSA in PBS). Cells
were washed with PBS and were incubated with the primary antibody Lamin A/C (dilution
1:100, H-110) at 37°C for 1 h and visualized with the secondary antibody goat–antirabbit
IgG–Alexa Fluor 488 (dilution 1:100, Invitrogen). Cell nuclei were stained by adding 4′,6-di-
amidino-2-phenylindole (DAPI). Images were captured using the Zeiss Axiovert 100Mmicro-
scope. For vimentin staining, cells were incubatedwith vimentin antibody (V9 clone, dilution,
1:100) and secondary antibody goat-anti mouse IgG-Alexa Fluor 568, (dilution, 1:100,
Invitrogen).

To determine the effect of various drug treatments on nuclear morphology, cells were
treated with several compounds as follows: 1% ethanol, 1% dimethyl sulfoxide (DMSO), 1
µM rapamycin (Cayman Chemical) dissolved in 1% DMSO or 1% ethanol, 10 mMmetformin
(Santa Cruz Biotechnology) dissolved in water, 200 µM N-acetylcysteine (NAC) (Sigma-
Aldrich) dissolved in water, 10 µM probucol (Sigma-Aldrich) dissolved in 1% ethanol, 2 µM
suberoylanilide hydroxamic acid (SAHA or vorinostat) (Sigma-Aldrich) dissolved in 1%
DMSO, and 50 ng/ml insulin-like growth factor-1 (IGF1) prepared according to the
manufacturer’s protocol (Shenandoah Biotechnology). The compounds were replaced every
other day for 14 d. Cells were treated with farnesyl transferase inhibitor (FTI-277) and
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geranylgeranyl transferase inhibitor (GGTI-297) (EMD Biosciences) and pravastatin, zole-
dronic acid (Sigma-Aldrich), either separately or all together, for 48 h.

Transmission Electron Microscopy
Cells were fixed in 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer, embedded in 2%
agarose, postfixed in buffered 1% osmium tetroxide, en bloc stained in 4% uranyl acetate,
dehydrated with a graded series of ethanol, and embedded in EMbed-812 resin. Thin sec-
tions were cut on a Leica Ultracut UCT ultramicrotome and stained with 2% uranyl acetate
and lead citrate. Images were acquired on a FEI Tecnai G2 Spirit electron microscope
equipped with a LaB6 source and operating at 120 kV.

Cellular Proliferation Assay and Effect of Various Drug Treatments
Cellular proliferation was measured using the 5-bromo-2′-deoxyuridine (BrdU) Cell
Proliferation Assay Kit as suggested by the manufacturer (Cell Signaling Technology).
Human fibroblasts (3000 cells per well) from control 2 (passage 14), MAD 4700.3 (passage
11) and RD 500.3 (passage 15) were plated into 96-well plates in triplicate and were incubat-
ed for 24 h in a 37°C, 5% CO2 incubator. BrdU solution was added to a final concentration of
10 µM and cells were further incubated for 16 h. At the end of the incubation, culture media
was removed and cells were fixed in fixing/denaturating solution for 30 min at RT. The incor-
poration of BrdU into cellular DNAwas estimated using anti-BrdU antibody (1× detection an-
tibody, mouse mAb) for 1 h and incubated further with an anti-mouse IgG HRP-linked
antibody (1× HRP-conjugate solution) for an additional 1 h. HRP substrate, tetramethylben-
zidine (TMB) was added to develop color. The reaction was terminated by adding the
stop solution. The absorbancewas read at 450 nmwithin 30min. For each experiment a stan-
dard curve was generated. Themagnitude of absorbancewas proportional to the quantity of
BrdU incorporated into cells, which is a direct indication of cell proliferation. The fibroblast
proliferation was also tested in the presence of the following drugs: DMSO, rapamycin,
metformin, NAC, probucol, SAHA, and IGF1, prepared as described earlier, for 14
d. Compounds were replaced with the respective drugs every other day. Cells were also in-
cubated with vehicle alone as a control.

Preparation of Cells for Proteomics Analysis
Approximately 5–10 × 106 cells were grown from each subject to obtain 100–300 µg of pro-
tein. Cells werewashedwith ice-cold phosphate-buffered saline (PBS) and collected in 0.5ml
of ice-cold PBS. The cells were pelleted by a 1 min spin at 100g, supernatant was removed,
and cell pellets were quickly frozen in a dry ice–ethanol bath and kept at−80°C until analysis.
Two dimensional-fluorescence difference gel electrophoresis (2D-DIGE) was performed by
Applied Biomics. The detailed proteomicsmethod is provided in the SupplementalMaterial.

Proteomics Analysis
Gel bands were trypsinized overnight following reduction and alkylation with DTT and
iodoacetamide (Sigma-Aldrich). Following solid-phase extraction cleanup with Oasis HLB
plates (Waters), the resulting samples were analyzed by LC/MS/MS using an Orbitrap Elite
or Q Exactive Plus mass spectrometer (Thermo Electron) coupled to an Ultimate 3000
RSLC-Nano liquid chromatography system (Dionex). Peptides were eluted with a gradient
0%–28% buffer B (80% [v/v] ACN, 10% [v/v] trifluoroethanol, and 0.08% formic acid in water)
over 60 min.

RawMSdata files were converted to a peak list format and analyzed using the central pro-
teomics facilities pipeline (CPFP), version 2.0.3 (Trudgian et al. 2010; Trudgian and Mirzaei
2012). Peptide identification was performed using the X!Tandem (Craig and Beavis 2004)

Treating MAD and RD patients with rapamycin and DMSO

C O L D S P R I N G H A R B O R

Molecular Case Studies

Akinci et al. 2017 Cold Spring Harb Mol Case Stud 3: a001339 17 of 21

http://www.molecularcasestudies.org/lookup/suppl/doi:10.1101/mcs.a001339/-/DC1


and openMS search algorithm (OMSSA) (Geer et al. 2004) search engines against the human
protein database from Uniprot, with common contaminants and reversed decoy sequences
appended (Elias and Gygi 2007). The detailed proteomics method is provided in the
Supplemental Material.

Generation of Human Amino-Terminal Flag-Vimentin-Carboxy-Terminal-V5-Tagged
Mammalian Expression Vector
Full-length human vimentin cDNA clone was obtained from OpenBiosytems (clone ID:
LIFESEQ592293, GenBank accession number: NM_003380, www.openbiosystems.com).
To generate the double-tagged vimentin, the pSPORT1-hVimentin plasmid was amplified
with the following primer pair: 5′-cgggatcccgATGGATTACAAGGATGACGATGACA
AGtccaccaggtccgtg-3′ (Vimentin-BamHI-Flag) and 5′-cggaattccgTTATGAGTCTAGTCCT
AGTAGTGGGTTTGGTATTGGTTTTCCttcaaggtcatcgtg-3′ (Vimentin-EcoRI-V5). Sequences
for Flag and V5 epitopes are in bold and the restriction sites BamHI and EcoRI are under-
lined. For efficient translation we introduced the translational initiation codon ATG before
the Flag epitope and simultaneously destroyed the vimentin ATG. The vimentin open read-
ing frame (ORF) was amplified using PCR and the product was gel purified. Both the PCR
product and expression vector (pcDNA3.1, Invitrogen) were digested with BamHI and
EcoRI and then ligated. Positive clones identified containing the insert were sequenced to
determine PCR errors. Plasmid DNA, pcDNA3.1–Flag-hVimentin-V5, was amplified using
the Maxiprep kit (QIAGEN) for cell transfection experiments.

Transfection of the Cells
HeLa cells (5 × 104 cells per well) were plated in six-well plates. Cells were transfected with
pcDNA3.1–Flag-hVimentin-V5 using Lipofectamine Plus according to the manufacturer’s
protocol (Invitrogen). Cells were collected for western blotting 24 h posttransfection and
probed with Flag and V5 antibodies. Approximately 5 × 104 primary human fibroblasts
were transfected with pcDNA3.1–Flag-hVimentin-V5 expression construct using Cytofect-
2 according to the manufacturer’s protocol (Cell Applications). DNA complex was replaced
after 1 h of incubation with antibiotic-free growth medium and incubated further at 37°C in a
5% CO2 incubator for 48 h. Cell lysates were collected as described above for western
blotting.

Statistical Analysis
Statistical analysis was performed using the Statistical Package of Social Science (SPSS, www.
ibm.com/software/analytics/spss/). The Mann–Whitney U-test was used to compare vari-
ables of subjects. Multiple data were compared by the Kruskal–Wallis test. Categorical var-
iables were compared by the χ2 test. A P-value less than 0.05 was considered statistically
significant.

ADDITIONAL INFORMATION

Data Deposition and Access
The raw proteomics data have been deposited in the Mass Spectrometry Interactive Virtual
Environment (MassIVE) repository (https://massive.ucsd.edu/) under accession number
MSV000080191andare inProteomeXchange (http://www.proteomexchange.org/) underac-
cession number PXD005037.
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